Purpose: Galuteolin is a substance extracted and purified from honeysuckle. The purpose of this study was to explore the protective effect of galuteolin on cerebral ischemia-reperfusion injury (CIRI) and reveal its potential molecular mechanism from the perspectives of antiapoptosis, anti-oxidation, and anti-inflammation. Materials and methods: One hundred and fifty rats were randomly divided into five groups: sham group, ischemia-reperfusion (I/R) group, 50 mg/kg galuteolin group, 100 mg/ kg galuteolin group, and 200 mg/kg galuteolin group. Middle cerebral artery occlusion (MCAO) was used to establish a rat CIRI model, different doses of galtenolin were intraperitoneal injected 2 hrs after ischemia, and then reperfusion was performed for 24 hrs. Neurological function and cerebral water content were determined, and cerebral infarct volume was evaluated by TTC staining. TUNEL staining was used to detect the apoptosis of nerve cells. Western Blot was used to detect the expressions of Akt, p-Akt, Sod1, Sod2, catalase, caspase-3, Bcl-2, and Bax. Lipid hydrogen peroxide (LPO) was determined by kit assay. The contents of vascular endothelial growth factor (VEGF) and pro-inflammatory cytokines IL-1β and TNF-α were determined by ELISA. Results: The results showed that galuteolin could significantly reduce the cerebral infarction volume, neurologic score, and cerebral water content in a dose-dependent manner. In addition, galuteolin obviously reduced the apoptosis rate of nerve cells and the expression levels of caspase-3 and Bax, meanwhile up-regulated the expression levels of p-Akt and Bcl-2. Furthermore, galuteolin apparently inhibited the levels of LPO, Sod1, Sod2, and catalase in the cerebral infarction tissues. Moreover, galuteolin also significantly reduced the levels of pro-inflammatory factors IL-1β and TNF-α in the cerebral infarction tissues. Finally, Galuteolin markedly inhibited the expression of VEGF in cerebral infarction tissues. Conclusion: Galuteolin exerts neuroprotective effects against CIRI by inhibiting apoptosis, oxidation, and inflammation.
Introduction
Cerebral ischemia-reperfusion injury (CIRI) refers to the phenomenon that the blood flow reperfusion after a certain period of cerebral ischemia, which aggravates ischemic injury of brain tissue cells and is mainly characterized by nerve cell injury and apoptosis. 1, 2 Neuronal death caused by CIRI includes cell necrosis and apoptosis. 3 Cell necrosis is an irreversible process of rapid and passive death. Apoptosis is a reversible active death process, which is the main way of neuron death after CIRI and is involved in the formation and development of nerve injury. 4 Preventing apoptosis can reduce brain injury and the infarct volume after cerebral ischemia reperfusion. 5 Neuronal apoptosis is a complex pathological process, mainly caused by neuronal degeneration, death, and loss of function, which result in neurological impairment symptoms. 6 At present, studies have shown that the pathogenesis of nerve cell apoptosis induced by CIRI is not only related to the expression of apoptosis-related proteins, but also brain edema, calcium overload, inflammatory reaction, and oxidative stress. 7, 8 Cerebral edema is a typical symptom after cerebral ischemia reperfusion. 9 Studies have found that cerebral ischemia reperfusion can induce a large number of oxygen free radicals, accelerate lipid peroxidation reaction, and acute inflammatory reaction, thus inducing apoptosis and aggravating the injury degree of ischemic brain tissue. 10, 11 Honeysuckle extract has anti-oxidant, anti-viral, and antiinflammatory effects, in which galuteolin is one of the main active components. 12 Galuteolin is a natural flavonoid, which has many pharmacological activities such as anti-oxidation, anti-infection, anti-tumor, and anti-inflammation. 13 Galutelin was found to have different therapeutic effects on the central nervous system, cardiovascular system, and respiratory system diseases. 14, 15 Fan et al, found that galuteolin could inhibit the proliferation and metastasis of hepatocellular carcinoma cells, and the main mechanism was to inhibit the expression of NLRP3 inflammatory bodies in hepatocellular carcinoma cells. 16 Wang et al, showed that galuteolin could block the activation of NF-κB and TLR2 signaling pathways, thereby reducing the inflammation, injury and apoptosis of uterine cells caused by staphylococcus aureus. 17 Liu et al, reported that galuteolin could reduce myocardial cell injury caused by myocardial ischemia reperfusion by reducing oxidative stress response and inhibiting myocardial cell apoptosis. 18 However, there are no study on the effect of galuteolin on CIRI. In this study, a rat model of cerebral ischemia was established using the modified suture method, and the model of CIRI in rats was successfully constructed by reperfusion for 24 hrs after 2 hrs of ischemia. The aim of this study was to investigate the protective mechanism of galuteolin against CIRI in vivo.
Materials and methods Animals
One hundred and fifty healthy male SD rats weighing 200-220 g were purchased from the experimental animal center of The First Affiliated Hospital of Jinzhou Medical University. The rats were kept in a 12 hr light-dark cycle and fed freely.
All experiments were conducted in accordance with the national institutes of health laboratory animal care and use guidelines, and were approved by The First Affiliated Hospital of Jinzhou Medical University animal care and use committee.
Establishment of CIRI model
The CIRI (2/24 hrs) model was established by a modified MCAO methods. In the whole process, the temperature of rats was maintained at 37°C. Firstly, rats were anesthetized with 10% (w/v) chloral hydrate (350 mg/kg body weight) by intraperitoneal injection. Then, the left common carotid artery (CCA) was exposed and the external carotid artery (ECA) was isolated. Hemostatic clips were used to block CCA and ECA. Next, the tip of the heparin coating with a diameter of 0.25-0.28 mm nylon monofilament was inserted from the CCA into the internal carotid artery (ICA) to prevent the origin of the middle cerebral artery. Local cerebral blood flow (rCBF) was measured using a laser doppler flowmeter, and when rCBF decreased below 20% of the baseline, arterial occlusion was successful. After MCAO for 2 hrs, nylon monofilaments were removed and keep reperfusion for 24 hrs. The rats in the sham group were treated with MCAO, but the nylon monofilament was not inserted into CCA.
Grouping and administration
The galuteolin used in the experiment was purchased from Sigma with purity greater than 98%. The chemical structure of galuteolin was shown in Figure 1A . One hundred and fifty rats were randomly divided into five groups: sham group, I/R group, 50 mg/kg galuteolin group, 100 mg/kg galuteolin group, and 200 mg/kg galuteolin group, with 30 rats in each group. Two hours after ischemia, the rats in the galtenolin treatment group were injected with different doses of galtenolin peritoneally, while the sham group and I/R group were simultaneously injected with the same volume of normal saline. The rats were anesthetized and sacrificed 24 hrs after reperfusion. The experimental process was shown in Figure 1B .
TTC staining
TTC staining was used to determine the volume of cerebral infarction in rats. The rats in each group (n=6) were anesthetized and sacrificed. Brain tissue was taken and cut into 1.5 mm thick slices which were stained with 1% TTC for 0.5 hrs and fixed with 4% paraformaldehyde. TTC could only stain normal tissue red, while infarct tissue would not be stained and keep white. Brain tissue sections were photographed, and the volume of the sections was quantified using Image J software. The percentage of infarcts was the ratio of infarct volume to total volume.
Neurological score
Neurological score was used to evaluate the effect of galuteolin on I/R-induced nerve injury in rats. The neurological behaviors of rats in each group (n=6) were observed and scored after reperfusion for 24 hrs. The specific scoring criteria were: (1) normal performance, 0 points; (2) the left forelegs of the rats could not be fully extended, 1 point; (3) turn the rat, 2 points; (4) the rats fell to the left side; (5) the rats lost consciousness, 4 points.
Determination of cerebral water content
Cerebral water content of rat in each group (n=6) was determined after reperfusion for 24 hrs. First, the wet weight of infarct cerebral hemisphere in rats was measured. Then, the brain tissue was dried under 105°C, and the dry weight of infarction cerebral hemisphere was measured. Total brain water: [(wet weight−dry weight)/ wet weight] ×100%.
TUNEL staining
TUNEL apoptosis assay kit (Beyotime) was used to detect the apoptosis of brain neurons in each group (n=6). Brain sections were stained and photographed under an optical microscope. The apoptosis rate of neurons was the percentage of TUNEL positive cells in the total number of neurons.
ELISA assay
The expression levels of TNF-α, IL-1β, and VEGF in cerebral infarction tissues were determined by ELISA. In short, the infarcted tissue in rats in PBS buffer containing protease inhibitors was homogenized and centrifuged to obtain the supernatant. The expression levels of TNF-α, IL-1β, and VEGF in cerebral infarction tissues were determined by ELISA, and the specific procedures were strictly in accordance with the instructions of the kit.
Determination of LPO
The LPO assay kit (Cayman Chemical) was used to determine the content of LPO in the cerebral infarction tissues of rats, so as to evaluate the level of lipid peroxidation in the tissues. The content of LPO was expressed in μM of LPO per milligram of protein.
Western blot assay
The total proteins extracted from cerebral infarction were separated by 10% SDS-PAGE separation gel. And then the separated proteins were transferred to cellulose acetate membrane. Using PBS solution containing 5% dried skim milk closed for 1 hr, and then incubated with the primary antibody at 4°C for the night. Bcl-2, Bax, caspase-3, Sod1, Sod 2, catalase, Akt, p-Akt, and β-actin were obtained from Santa Cruz Biotechnology. Next, the secondary antibody was used to incubate the membrane at room temperature for 1 hr, and the protein bands were stained with ECL chemiluminescence solution. 
Statistical analysis
Statistical analysis was performed using the SPSS 17.0 software. The results represent the mean of three independent experiments, and the data are presented as the means ± standard deviation (SD). Comparisons between experimental and control groups were performed by one-way analysis of variance (ANOVA) followed by Tukey test. Differences were considered significant when P<0.05.
Results
Effects of galuteolin on cerebral infarction volume, neural behavior, and cerebral water content after CIRI in rats
In this study, TTC staining was used to evaluate the effect of galuteolin on cerebral infarction volume after CIRI in rats.
The results showed that the cerebral infarction volume in the I/R group was significantly higher than that in the sham group (P<0.01), while the cerebral infarction volume in the galuteolin treated groups was remarkably lower than that in the I/R group, with the highest inhibition rate of cerebral infarction reaching 62.33% (Figure 2A and B, P<0.01 ). In addition, we evaluated the neurological status of rats. The results showed that the neurologic score of the I/R group was apparently higher than that of the sham group (P<0.01), while the neurologic score of the galuteolin treated groups was lower than that of the I/R group (Figure 2C , P<0.05, P<0.01). Furthermore, the results of the content of brain water in rats showed that I/R significantly increased the cerebral water content of the rats (P<0.01), while the cerebral water content of the rats treated with different doses of galuteolin was lower than that of the I/R group ( Figure 2D , P<0.05, P<0.01). The above results indicated that different doses of galuteolin could alleviate the brain damage caused by CIRI in rats in a dose-dependent manner. 
Effects of galuteolin on apoptosis of nerve cells and apoptosis-related proteins in rat cerebral infarction
The function of galuteolin in the apoptosis of nerve cells in rat cerebral infarction was determined by TUNEL staining.
The results showed that the percentage of TUNEL positive cells in the I/R group was significantly higher than that in the sham group (P<0.01), while the percentage of TUNEL positive cells in the galtenolin treatment groups were remarkably lower than that in the I/R group ( Figure 3A and B, P<0 .05, P<0.01), which indicated that galuteolin could reduce the mortality of nerve cells in the cerebral infarction tissue of rats.
The effect of galuteolin on the expressions of Bcl-2, Bax, and caspase-3 in cerebral infarction tissues was determined by Western Blot. The results showed that, compared with the sham group, the protein expression of Bcl-2 was decreased in the I/R group ( Figure 4A and B, P<0.01), while the expressions of Bax and caspase-3 were up-regulated ( Figure 4A , C and D, P<0.05, P<0.01). The protein expression of Bcl-2 in galbutolin treatment groups was remarkably higher than that in I/R group ( Figure 4A and B, P<0.05, P<0.01), while the protein levels of Bax and caspase-3 were lower than that in I/R group ( Figure 4A , C and D, P<0.05, P<0.01), and the ratio of Bcl-2 to Bax was significantly higher than that in I/R group (data not shown). These results indicate that galuteolin could inhibit I/R-induced apoptosis by regulating the expression of apoptosis-related proteins. Study found that activation of Akt signaling pathway can inhibit the apoptosis of cells. 19 In our research, Western Blot was used to determine the effect of galuteolin on Akt in cerebral infarction. The results showed that, compared with the sham group, the expression of p-Akt was markedly decreased in the I/R group ( Figure 5A and B, P<0.01) . The protein level of p-Akt in galbutolin treatment groups was remarkably higher than that in I/R group ( Figure 5A and B, P<0.01) , indicating that galuteolin could inhibit the I/R-induced apoptosis in cerebral infarction tissue by activating Akt.
Effect of galuteolin on oxidative stress in cerebral infarction of rats
Oxidative stress is the main manifestation of ischemic brain injury. 20 In this study, the effect of galuteolin on the level of oxidative stress was evaluated by measuring the level of LPO in the cerebral infarction of rats. Compared with the sham group, the level of LPO in the I/R group was significantly higher ( Figure 6A, P<0.01) , while the level of LPO in the galuteolin treatment groups was significantly lower than that in the I/R group (Figure 6A, P<0.05, P<0.01 ). In addition, anti-oxidant activity is a relative factor to reflect the level of oxidative stress; therefore, the protein expression levels of Sod1, Sod2, and catalase in cerebral infarction tissues of rats were determined by Western Blot. The results showed that the protein levels of Sod1, Sod2, and catalase in the cerebral infarction tissues of rats in the I/R group were lower than those in the sham group ( Figure 6B-E, P<0.01) , while the protein levels of Sod1, Sod2, and catalase in the 100 mg/kg and 200 mg/kg galuteolin treatment groups were remarkably up-regulated, compared with the I/R group ( Figure 6B-E, P<0.01) . The above results indicated that 
Effect of galuteolin on inflammatory responses in rat cerebral infarction
The secretion of pro-inflammatory cytokines TNF-α and IL-1β in cerebral infarction was determined by ELISA. The results showed that the secretions of TNF-α and IL-1β in the cerebral infarction tissues of the I/R group were significantly higher than those in the sham group ( Figure 7A and B, P<0.01), while the secretions of TNF-α and IL-1β in the galuteolin treatment groups were decreased, compared with the I/R group ( Figure 7A and B, P<0 .05, P<0.01), which indicated that galuteolin could reduce the inflammatory response in the cerebral infarction tissue caused by I/R.
Effect of galuteolin on VEGF level in cerebral infarction tissue of rats
Neovascularization may be a natural defense mechanism to recover the nutrition supply to brain tissue after I/R injury in the human body. VEGF is a factor that promotes the growth of vascular endothelial cells. 21 The effect of galuteolin on VEGF level in rat cerebral infarction was determined by ELISA. Compared with the sham group, the results showed that the level of VEGF in the I/R group was increased (Figure 8 , P<0.01), while the level of VEGF in the 100 mg/kg and 200 mg/kg galuteolin treatment groups was significantly lower than that in the I/R group (Figure 8 , P<0.01). It was speculated that galuteolin might inhibit new angiogenesis in the cerebral infarction tissue caused by I/R through reducing the level of VEGF in the cerebral infarction tissue of rats.
Discussion
Acute cerebral ischemia is a common cerebrovascular disease with high morbidity and disability. 22 Studies have found that reperfusion of the ischemic site can aggravate brain tissue injury, and the main injury mechanism is related to apoptosis of nerve cells, inflammatory reaction, oxidative stress injury, etc. 23 Zhan et al, found that dendrobium polysaccharide could reduce the damage caused by focal cerebral ischemia reperfusion by reducing the cerebral infarction volume, cerebral water content, and score of neural function defect in rats. 24 Huang et al, reported that hydrogen inhalation improved the degree of neural function injury in MCAO mice after cerebral I/R by reducing the score of neural behavior defect, cerebral water content, and cerebral infarction volume. 25 In this study, we first investigated the effects of galuteolin on CIRI and revealed its potential molecular mechanism in alleviating the CIRI of rats. Results showed that galuteolin could reduce the CIRI by decreasing the cerebral infarction volume and neurological scoring, brain water content. Nerve cell injury and apoptosis are the main pathological features of CIRI, which are closely related to the expression of apoptosis-related proteins. 26 Bcl-2 is an antiapoptotic gene, while Bax is a pro-apoptotic gene, and the ratio of Bcl-2/Bax can reflect the survival status of cells. 27 Caspase-3 is the terminal protein of the cell apoptosis protein cascade reaction, which can promote the cell apoptosis. 28 PI3K/Akt is a classical anti-apoptotic signaling pathway, which can up-regulate the phosphorylation level of Akt after activation, thereby activating the antiapoptotic mechanism of cells and inhibiting apoptosis. 29 Sun et al, found that galuteolin could significantly reduce myocardial infarction area and apoptosis rate of myocardial cells, reduce the release of lactic dehydrogenase (LDH), up-regulate the expression of anti-apoptotic protein Bcl-2, activate the PI3K/Akt pathway, and thereby improve cardiac function after myocardial ischemia/reperfusion injury in rats. 30 In this study, the results indicated that galuteolin could reduce the death rate of nerve cells in the cerebral infarction tissue of rats in some pathways: (1) up-regulate the protein levels of Bcl-2 and down-regulate the expressions of Bax. (2) Up-regulate the protein levels of p-Akt to activate the PI3K/Akt anti-apoptotic signaling pathway.
(3) Down-regulate the expressions of caspase-3 to inhibit cell apoptosis. Currently, studies have suggested that the pathogenesis of nerve cell apoptosis induced by CIRI is related to cerebral edema, calcium overload, inflammatory reaction, and oxidative stress. 31 LPO is the product of the reaction between oxygen free radicals and polyunsaturated fatty acids. 32 Sod is an enzyme that scavenges superoxide anion free radicals in vivo, which can effectively relieve lipid peroxidation caused by free radicals. 33 Catalase can catalyze the decomposition of hydrogen peroxide into oxygen and water, which has antioxidant activity. 34 In this study, we found that galuteolin could reduce the level of oxidative stress in the cerebral infarction tissue caused by I/R through decreasing the reaction between oxygen free radicals and polyunsaturated fatty acids, meanwhile, activating the production of Sod1, Sod2 to relieve lipid peroxidation caused by free radicals.
Inflammatory response is one of the important pathological mechanisms that aggravate CIRI. Activated white blood cells and endothelial cells after injury will secrete a large amount of pro-inflammatory factors such as IL-1β and TNF-α, thus causing inflammatory response and aggravating the degree of brain injury. 35 The results of this study indicated that galuteolin could inhibit the secretion levels of TNF-α and IL-1β. Study has found that luteolin which is also a natural flavonoid like galuteolin can inhibit TNF-α and NF-κB pathway by binding to TNFR1, TRADD, TRAF2, and RIP1 through covalent bonding and blocking the ATP binding sites of IKKÎ 2.36 Therefore, we speculated that galuteolin could also to reduce the inflammatory response by binding to some signal molecules or blocking some combinations, which needed further investigation.
Conclusion
In conclusion, the present study assessed the protective effect of galuteolin on CIRI and its potential molecular mechanism. The results indicated that galuteolin could play a neuroprotective role against CIRI by inhibiting apoptosis, oxidation, and inflammation, which would provide certain theoretical basis for the treatment of CIRI with galuteolin.
